The corrosion fatigue properties under sine wave loading in Eagle's medium were compared among various metallic biomaterials: SUS-316L stainless steel, Co-Cr-Mo cast alloy and three types of vanadium-free titanium alloy, namely α + β type Ti-6Al-7Nb, Ti-6Al-2Nb-1Ta and a variety of newly developed Ti-15Zr-4Ta-4Nb alloys. The number of cycles to failure for the SUS-316L stainless steel and Co-Cr-Mo cast alloy increased as the maximum stress decreased. The fatigue strengths of the SUS-316L stainless steel and Co-Cr-Mo cast alloy at 1×10 8 cycles were much lower than those of the titanium alloys. The fatigue strengths of the vanadium-free Ti-6Al-7Nb and Ti-6Al-2Nb-1Ta alloys at 1 × 10 8 cycles were approximately 600 and 720 MPa, respectively. The fatigue strengths of the Ti-15Zr-4Nb-4Ta alloys annealed at 700 • C for 2 h were about 700 MPa at 1 × 10 8 cycles, and were not significantly affected by varying the frequency from 2 to 10 Hz. Aging of the Ti-15Zr-4Nb-4Ta alloy containing 0.2%O and 0.05%N after solution treatment increased its ultimate tensile strength to 1150 MPa, and the total elongation and reduction in the area were 15 and 50%, respectively. The fatigue strength of the Ti-15Zr-4Ta-4Nb alloy treated in this way was 880 MPa under sine wave loading of 10 Hz at 1 × 10 8 cycles. This strength proved to be nearly identical to that estimated for the human hip joint, following an analysis of its movements and the forces acting upon it in vivo. The fatigue strength ratios at 1 × 10 8 cycles to ultimate tensile strength of the SUS-316L stainless steel and Co-Cr-Mo cast alloy were about 50%. The fatigue strength ratio at 1 × 10 8 cycles to ultimate tensile strength of the Ti-6Al-2Nb-1Ta alloy was high at 75%. In the case of the Ti-15Zr-4Nb-4Ta alloy annealed or aged after solution treatment, the fatigue strength ratio to ultimate tensile strength was about 75%. Many striations and cracks caused by fatigue were visible on the fatigue-fractured surfaces of the SUS-316L stainless steel and Co-Cr-Mo cast alloy. Micro-cracks in dimples were also apparent on the fatigue-fractured surface of the titanium alloys.
Introduction
The population over 65 years of age in Japan is increasing every year and the use of artificial implants is also on the rise. Along with various implant materials such as unalloyed titanium, titanium alloy, Co-Cr-Mo cast alloy and SUS-316L stainless steel, the use of hybrid titanium alloys for implants is increasing.
The Ti-6Al-7Nb alloy is specified in the ISO 5832-11 standard as an α + β type alloy useful for vanadium-free medical implants. A near-β type alloy, Ti-13Nb-13Zr and a β type alloy, Ti-12Mo-6Zr-2Fe are also specified in the ASTM F 1713 and ASTM F 1813 standards, respectively. The β type Ti-15Mo-5Zr-3Al and α + β type Ti-6Al-2Nb-1Ta alloys were developed in Japan for use in artificial hip joints by Kobe Steel Ltd. and are used clinically for cemented and cementless artificial hip joints, respectively. [1] [2] [3] The β type Ti29Nb-13Ta-5Zr alloys are also being developed for medical implants. 4) Our research group previously reported on the effects on titanium alloys of zirconium, niobium, tantalum and palladium in terms of corrosion resistance in pseudo-body fluids, and their mechanical properties and biocompatibility with cultured cells (cytocompatibility). [5] [6] [7] [8] [9] Corrosion resistance of these alloys was improved by adding zirconium, niobium, tantalum and palladium because the resultant ZrO 2 , Nb 2 O 5 , Ta 2 O 5 and PdO strengthened the TiO 2 passive film that formed on the Ti-15Zr-4Ta-4Nb alloy. The mechanical strength at room temperature of the new titanium alloy annealed at 700
• C for 2 h was increased by adding zirconium and small quantities of oxygen and nitrogen. As a consequence, the Ti-15Zr-4Nb-4Ta alloy showed improved corrosion resistance, mechanical properties and biocompatibility compared with the Ti-6Al-4V alloy. In our present study, fatigue tests were carried out in a tension-to-tension mode with sine wave loading at a stress ratio of 0.1 and at a frequency of 2 or 10 Hz in Eagle's medium. The corrosion fatigue strengths of the SUS-316L stainless steel, Co-Cr-Mo cast alloy and α + β type titanium alloys were compared. The effects of heat treatment on the mechanical properties and corrosion-fatigue properties were also investigated for specimens of the Ti-15Zr-4Nb-4Ta alloy containing 0.2%Pd, 0.2%O and 0.05%N. Furthermore, the effect of wave shape on corrosion-fatigue strength was examined using sine wave loading or loading approximation on a human hip joint, based on an analysis of movements and forces acting upon it in vivo.
Materials and Methods

Alloy specimens and heat treatment conditions
Titanium alloys currently specified in the Japanese Industrial Standard (JIS) T 7401, namely α + β type Ti-6Al-7Nb, Ti-6Al-2Nb-1Ta, and Ti-15Zr-4Nb-4Ta containing 0.2%Pd, 0.2%O, and 0.05%N, were melted by vacuum-arc melting. After β and α − β forging, the Ti-6Al-2Nb-1Ta and Ti-15Zr-4Nb-4Ta alloys were annealed by heating at 700
• C for 2 h and then cooling in air. The Ti-6Al-7Nb alloy was annealed for 2 h at 740
• C. Additionally, to determine the optimum solution treatment and aging conditions for the 2950 Y. Okazaki and E. Gotoh Ti-15Zr-4Nb-4Ta alloy, specimens were kept between 755 and 800
• C for 1 h and then cooled in water. After the solution treatment, the specimens were aged between 350 and 450
• C for 5 to 15 h and then cooled in air. Table 1 shows the chemical composition of the titanium alloys. For comparison, the chemical compositions of the Co-Cr-Mo cast alloy specified in the ISO 5832-4 standard and the SUS-316L stainless steel specified in the ISO 5832-1 standard are also shown.
Tensile tests and microscopic observation
Tensile tests were conducted with test specimens 3 mm in diameter and 12 mm in gauge length at room temperature and at a crosshead speed of 0.5 mm/min. The test specimens were etched in a solution consisting of 10%H 2 O 2 in a mixture of HF, HNO 3 and H 2 O at a ratio of 15:20:65, and then microstructure was observed with an optical microscope and a transmission electron microscope (TEM). The sample specimen for TEM observation was prepared by electrolytic polishing (35-55 V; 40-100 mA) in a solution consisting of 95% acetic anhydride and 5% perchloric acid.
Corrosion fatigue tests
Specimens for use in corrosion fatigue tests were cut from the sample alloys to the shapes and dimensions shown in Fig. 1 . Corrosion-fatigue tests were performed in Eagle's medium. To remove the strain on the surface of the alloy formed during fabrication, the surface of each specimen was fully finished with 600 grit waterproof emery paper in a direction parallel to its length. The specimen was fitted into a polyethylene testing cell (inside diameter: 40 mm; outside diameter: 50 mm; height: 55 mm) containing Eagle's medium, and then set on a corrosion-fatigue testing machine. Corrosion-fatigue tests were conducted at an inside cell temperature of 37
• C, maintained by circulating heated water around the cell. To approximate the oxygen concentration in the Eagle's medium as closer as possible to that inside a living body, and to maintain the pH at 7.4, a small amount of gas containing 90%N 2 , 5%CO 2 and 5%O 2 was bubbled into the solution. Test conditions were set so as to load a sine wave with a stress ratio (R = (minimum tensile stress)/(maximum tensile stress)) of 0.1, a frequency of 10 or 2 Hz, and a maximum of 10 9 cycles. Additionally, fatigue tests were conducted using a hip joint load profile, estimated by an analysis of the movement of the human hip joint and the forces acting upon it in vivo. 10) Figure  2 shows the MTS model 858 Mini Bionix, testing cell and hip joint load profile used for the tests. The fatigue-fractured surfaces after the fatigue tests were observed with a scanning electron microscope (SEM).
Results and Discussion
Mechanical properties
The Ti-15Zr-4Nb-4Ta alloy specimens were kept for 1 h in the temperature range of between 755 and 800
• C, cooled in water, and then aged at 400
• C for 10 h. Figure 3 shows the changes in the 0.2% proof strength (σ 0.2%PS ), ultimate tensile strength (σ UTS ), total elongation (T.E.) and reduction in area (R.A.) of the Ti-15Zr-4Nb-4Ta alloy as functions of the solution treatment temperature. The 0.2% proof strength, ultimate tensile strength, total elongation and reduction in area decreased with increasing temperature. The reduction in area, in particular, decreased sharply with a lower vol% of the α phase, as shown in Fig. 3 . The Ti-15Zr-4Nb-4Ta alloy was solution-treated at 775
• C for 1 h, and then aged at tempera- tures between 350 and 450
• C for up to 15 h. Figure 4 shows that the 0.2% proof strength, ultimate tensile strength, total elongation and reduction in area hardly changed with aging temperature or duration. The total elongation and reduction in area of the Ti-15Zr-4Nb-4Ta alloy decreased as the ultimate tensile strength increased (Fig. 5) . Figure 6 shows the optical and TEM micrographs of the annealed and aged Ti-15Zr-4Nb-4Ta alloys. The alloys annealed at 700
• C for 2 h were mostly laths of α martensite, while the solution-treated alloy consisted of the primary α phase as well as α martensite. The fine α phase precipitate was due to the aging after solution treatment. A good balance between strength and ductility was obtained when the fine α phase was uniformly distributed as a result of solution treatment combined with aging. We assumed that the optimum heat treatment conditions for the Ti-15Zr-4Nb-4Ta alloy was solution treatment at 775
• C for 1 h followed by aging at 400
• C for 8 h. The mechanical properties of the various metallic biomaterials at room temperature are compared in Table 2 .
Corrosion fatigue strength
Figures 7 to 9 show comparisons of the S-N curves obtained from the corrosion-fatigue tests with sine wave loading in Eagle's medium. The fatigue strengths of the SUS-316L stainless steel and Co-Cr-Mo cast alloy at 1 × 10 8 cycles were much lower than those of the titanium alloys (Fig. 8) . The fatigue strengths of the annealed Ti-6Al-7Nb and Ti- 6Al-2Nb-1Ta alloys at 1 × 10 8 cycles were about 600 and 720 MPa, respectively. The number of cycles to failure for the Ti-15Zr-4Nb-4Ta alloy annealed at 700
• C increased as the maximum stress decreased, and it was found that rupture stress at 1 × 10 8 cycles occurred at approximately 700 MPa. The S-N curves for the annealed Ti-15Zr-4Nb-4Ta alloy loaded with a sine wave or a hip joint load profile are compared in Fig. 9 . The fatigue strengths were nearly the same for both loadings. The fatigue strength of the Ti-15Zr-4Nb-4Ta alloy after solution treatment plus aging was higher than that after annealing, and was the same under sine wave and hip joint profile loadings. A comparison of fatigue strength ratios at 1 × 10 8 cycles to ultimate tensile strength among the alloys tested is shown in Fig. 10 . The fatigue strength ratios to ultimate tensile strength of the SUS-316L stainless steel and Co-Cr-Mo cast alloy were about 50%, and that of As cast  456  755  10  12  Ti-6Al-7Nb  Annealed  864  1011  16  46  Ti-6Al-2Nb-1Ta  Annealed  935  964  16  45  Ti-15Zr-4Nb-4Ta  Annealed  900  945 the Ti-6Al-2Nb-1Ta alloy was 75%. The fatigue strength ratio to ultimate tensile strength of the Ti-15Zr-4Nb-4Ta alloy was about 75%, regardless of whether it had been aged after solution treatment or annealed. The fatigue-fractured surfaces of the SUS-316L stainless steel and Co-Cr-Mo cast alloy are shown in Figs. 11 and  12 , respectively. The fatigue-fractured surfaces of the Ti6Al-7Nb, Ti-6Al-2Nb-1Ta and Ti-15Zr-4Nb-4Ta alloys are compared in Fig. 13 . Fatigue cracks originated from regions of stress concentration on the periphery of all specimens tested in this study. Many striations and cracks were visible on the fatigue-fractured surfaces of the SUS-316L stainless steel and Co-Cr-Mo cast alloy (Figs. 11 and 12 ). Figure 13 shows that microcracks in dimples were also observed on the fatigue-fractured surfaces of the titanium alloys. No surface changes were observed in Ti-15Zr-4Nb-4Ta specimens with sine wave or human hip joint loading.
Conclusions
The corrosion fatigue strengths of SUS-316L stainless steel, Co-Cr-Mo cast alloy and α + β type titanium alloys were compared by conducting fatigue tests in Eagle's medium. The effects of heat treatment on the mechanical and corrosion fatigue properties of the Ti-15Zr-4Nb-4Ta alloy, which contained 0.2%Pd, 0.2%O and 0.05%N, were also investigated. Furthermore, the effect of wave shape on corrosion-fatigue strength was determined using sine wave and human hip joint profile loadings. The following conclusions were drawn.
As the solution treatment temperature increased, the ductility of the Ti-15Zr-4Nb-4Ta alloy decreased. Upon aging after solution treatment, the mechanical strength of the alloy did not change significantly, even with increasing aging duration and temperature. The Ti-15Zr-4Nb-4Ta alloy containing 0.2%Pd, 0.2%O and 0.05%N that was aged after solution treatment substantially increased its ultimate tensile strength to 1150 MPa, and also increased its total elongation by more than 10%.
The number of cycles to failure for the SUS-316L stainless steel and Co-Cr-Mo cast alloy increased as the maximum stress was decreased. The fatigue strengths of the SUS-316L stainless steel and Co-Cr-Mo cast alloy were about 50%, and that of the Ti-6Al-2Nb-1Ta alloy was 75%. The fatigue strength ratio to ultimate tensile strength of the Ti15Zr-4Nb-4Ta alloy was about 75%, regardless of whether it had been aged after solution treatment or annealed. Many striations and cracks caused by fatigue were visible on the fatigue-fractured surfaces of the SUS-316L stainless steel and Co-Cr-Mo cast alloy. Microcracks in dimples were also observed on the surfaces of the titanium alloys. The newly developed α +β type Ti-15Zr-4Nb-4Ta alloy, with its excellent 316L stainless steel and Co-Cr-Mo cast alloy at 1 × 10 8 cycles were much lower than those of the titanium alloys. The fatigue strengths of the vanadium-free Ti-6Al-7Nb and Ti6Al-2Nb-1Ta alloys at 1 × 10 8 cycles were approximately 600 and 720 MPa, respectively. The fatigue strength at 1×10 8 cycles of the Ti-15Zr-4Ta-4Nb alloys annealed at 700
• C for 2 h was about 700 MPa, and increased to 880 MPa after solution treatment plus aging. The effect of sine wave loading on fatigue strength was nearly identical at 2 and 10 Hz frequencies, and fatigue strength did not differ regardless sine wave or human hip joint profile loading. The fatigue strength ratios at 1×10 8 cycles to ultimate tensile strength of the SUS- 
